The recent appearance of the disease known as huanglongbing (HLB) in Colombia has caused the demand for alternative control methods for Diaphorina citri (i.e., the disease vector). Specifically, the use of nutrients, such as calcium (Ca), potassium (K) and silicon (Si), may provide some degree of plant defense against herbivory. One set of experiments (in the form of two separate experiments) was conducted on two different farms in the municipality of Jerusalén to study the effects of foliar and soil applications of nutrients (Ca, K and Si) on controlling the population dynamics of Diaphorina citri. Tahiti lime trees were treated as follows: i) untreated trees (absolute control); ii) clothianidin at a dose of 50 g active ingredient per hectare (chemical control); iii) Ca, K and Si foliar applications (at doses of 3 mL, 3 g and 2 mL of the commercial compound used per liter of H2O, respectively); and iv) soil application of potassium nitrate and potassium silicate (1 kg of commercial fertilizer per tree). Foliar sprays were carried out at 0 and 4 weeks after treatment (WAT) began; meanwhile, soil fertilization occurred at the beginning of the trial (i.e., 0 WAT). The results showed that differences were observed only in adults at 7 WAT, and the foliar calcium and silicon applications resulted in the lowest number of individuals (i.e., 1.13 per flush) compared with untreated trees (i.e., 3.13 per flush). The foliar clothianidin, Ca, Si and K sprays also affected the total number of nymphs. Additionally, Tahiti lime trees treated with either silicon or insecticide had fewer eggs than did trees in the other treatments. The use of these mineral nutrients showed a similar efficacy when compared to clothianidin, indicating that these mineral nutrients can enhance plant resistance. These observations suggest that foliar applications of K, Ca and Si could be considered as complementary tools within an integrated management program for D. citri in Colombia.
Introduction
A severe decline has recently taken place in the citrus industry of many countries as a result of huanglongbing disease (HLB) (Gottwald, 2010) , which is caused by phloem-limited bacteria (Jagoueix et al., 1994) . There is currently no cure for this disease, thus management is mainly focused on the management of its vector, the Asian citrus psyllid (ACP), Diaphorina citri Kuwayama (Hemiptera: Psyllidae) (Canales et al., 2016) . The life cycle of D. citri is closely related to the presence of new growth flushes, which are necessary for oviposition and nymph development. Consequently, D. citri populations decrease when flushing rates are low or nonexistent (Pluke et al. 2008) . In the tropics, citrus flush development is conditioned by regional precipitation patterns throughout the year (Orduz-Rodríguez et al., 2010; Orduz-Rodríguez and Garzón, 2012) .
In the tropics, the continuous production of new flushes allows D. citri populations to remain relatively high at various times of the year (Pluke et al., 2008) , causing that chemical control would be difficult because new growth is not protected by insecticides (Tsagkarakis et al., 2012) . Additionally, the frequent use of insecticides generates environmental concerns, such as negative effects on beneficial arthropods or increased resistance of D. citri to insecticides. In this aspect, the development of alternative forms of management that favor host resistance to the insect pest significantly contributes to the improvement of integrated management programs for D. citri (Hall et al., 2013) .
The application of nutrients is a method that helps mitigate biotic stresses because it can affect the resistance mechanisms (i.e., physical, chemical or chemical / been reported in management programs for D. citri (Boina and Bloomquist, 2015) ; 3) trees treated with foliar KNO3 sprays at a dose of 3 g per L H2O; 4) foliar applications of potassium silicate (Nitrosil-K, Agromil, Colombia) at a dose of 2 mLL; 5) foliar treatment of trees with calcium (Poliquel® Calcio, Arysta, Colombia) at a dose of 3 mLL; and 6) soil K and Si applications were performed by applying KNO3 (Nitrato de Potasio MF, Microfertisa, Colombia) and K2SiO3 (Siliceo-K, Agromil, Colombia) at a dose of 1 kg of commercial fertilizer per tree, respectively.
In general, foliar nutrient sprays were applied at 0 and 4 weeks after treatment (WAT) and started between 07:00 and 09:00 h. Sprays were applied using a pesticide backpack sprayer with a volume of application of 2 L per tree, and both the upper and lower surfaces were wetted. In addition, foliar sprays were carried out without surfactants. Regarding soil applications, these treatments were performed at the beginning of the trial (i.e., 0 WAT) by incorporating the fertilizer into the soil around the canopy area. The experiments lasted 9 weeks. Finally, each experimental unit (i.e., treatment) included three trees on each farm. In addition, the experimental design was laid in a randomized block design, and each treatment was replicated four times (i.e., four blocks). In total, twelve trees received each treatment on each farm. biochemical mechanisms) of the host plant against herbivory (Marschner, 2012) . In this sense, potassium (K) is an essential nutrient that helps plants defend against insects by favoring the development of stronger cell walls (Wang et al., 2013) . On the other hand, calcium (Ca) also plays a role in plant defense mechanisms against insect herbivory, as it acts as a secondary marker under biotic stress and helps reinforce the cell walls and tissues (Marschner, 2012; War et al., 2012) . Consequently, calcium foliar applications have been used as a tool to improve plant tolerance to insects (Hua et al., 2015) .
The beneficial effects of silicon (Si) application have been widely reported on crop growth and yield (Marschner, 2012) . Likewise, silicon fertilization has shown to be an effective method to control herbivorous arthropods (Reynolds et al., 2016) . The effectiveness of silicon against insect attacks is caused by the reduced digestibility and increased hardness and roughness of plant tissues, which is caused by the deposition of this mineral (Reynolds et al., 2009) . In this aspect, foliar applications of Si reduced the population of thrips in tomato plants (Almeida et al., 2009) .
D. citri was officially reported in Colombia in 2007 (Santivañez et al., 2013) . However, an alert of phytosanitary emergency was declared in Colombia during 2015 by the Colombian Agricultural Institute (ICA) due to the presence of D. citri adults that were infected with the HLB disease bacterium, and the ICA also declared a national phytosanitary emergency due to this disease in the current year, i.e., 2017 (ICA 2015 (ICA , 2017 . For this reason, it is imperative to develop complementary strategies that strengthen the tolerance response in plants. Additionally, strategies that prevent psyllid feeding and ultimately affect its population dynamics should also be developed, with the purpose of preventing the acquisition and dissemination of the disease. Therefore, the objective of the present study was to evaluate the foliar and soil application of nutrients (i.e., calcium, potassium and silicon) that influence the mechanisms of plant resistance against the attack of arthropods. Fig. 1 . Four-year-old and 2-year-old Tahiti lime (Citrus latifolia Tanaka) trees grafted on 'Citrumelo CPB 4475' (Poncirus trifoliata × Citrus paradisi) were used in both farms, respectively. Additionally, all trees were spaced 6 m × 4 m.
Materials and Methods

General experimental conditions
The treatments performed in both farms included the following: 1) control trees (i.e., trees without nutrient or insecticide application); 2) trees treated with a neonicotinoid insecticide, clothianidin (Dantotsu® 50 WG; Arysta LifeScience, Colombia), at a dose of 50 g active ingredient (a.i.) per ha. Clothianidin was used because it has Population dynamics of D. citri The methodology described by Sétamou et al. (2008) was used to estimate the population variability of D. citri. The relative population levels of adults, eggs and nymphs per flush shoot were estimated in three trees per experimental unit by counting the number of each (adults, eggs, and nymphs) on each flush shoot. Four flush shoots were selected for each tree at each cardinal point of the tree. Adults were counted by visual examination, while a 15× handheld magnifying lens was used to count the number of visible eggs and nymphs per flush shoot. The populations of psyllids per flush were estimated weekly between 0 and 8 WAT.
Efficacy percentage
The procedure described by Henderson and Tilton (1955) was used to evaluate the effect of each treatment on the development of D. citri populations. Overall, the efficacy percentage of each treatment was determined by the following formula:
Where T is the treated population, C is the control population, a is the population after the treatment, and b is the population before the treatment.
Statistical design
Data from a series of experiments performed at several sites are generally analysed together at the end of each crop experiment to evaluate the treatment × site interaction effect and the average effects of the treatments over homogeneous sites (Gomez and Gomez 1984) . Therefore, a statistical design in series of experiments with analysis in different localities was used in the present study.
Additionally, untreated trees were included in each block, and they served as controls. The experimental unit was composed of three trees surrounded by guard trees, and each treatment was replicated four times (i.e., four blocks). Subsequently, an ANOVA was performed for each treatment. To analyze the population of D. citri, the data were log-transformed (Log X+1) because they were not normally distributed. Likewise, the data expressed as percentages were transformed using the arcsine formula. Tukey's test of mean comparison was used when significant differences were observed in the ANOVA. Data were analyzed using the statistical program Statistix (Version 9, Tallahassee, FL).
Results and Discussion
The population dynamics of D. citri adults mainly showed significant differences between farms from 1 to 4 WAT, obtaining the highest number of individuals at the "la Rochelita" farm (data not shown) ( Table 1) . Regarding treatments, differences were only observed in adults at 7 WAT where foliar calcium and silicon sprays had the lowest number of individuals (1.13 per flush) compared to the untreated trees (3.13 per flush). Also, treatments affected nymphs' population at 4 and 5 WAT, respectively. In this respect, a smaller number of nymphs were found in trees treated with clothianidin (1.63 individuals per flush) at 4 WAT than the other treatments. However, foliar calcium sprays had the lowest number of individuals per flush (1.25) compared to the control (6.00) and chemical insecticide (2.63) at 5 WAT (Table 2) . Finally, either soil or foliar silicon application caused a negative effect on D. citri oviposition. Tahiti lime trees treated with silicon and insecticide had fewer eggs than did the trees in the other treatments at 1, 3, 4, 5 and 6 WAT (Table 3) . When analyzing the data as the mean and total number of individuals, it was observed that the insecticide treatment and the soil silicon application showed the lowest number of nymphs (mean and accumulated nymphs per flush were 3 and 23, respectively) in comparison to control trees (mean and accumulated nymphs per flush were 7 and 62, respectively) ( Table 4 ). The efficacy percentage of the different treatments was evaluated from 2 to 8 WAT for 549 both the nymphs and eggs of D. citri (Table 5 ). Significant differences between treatments (P ≤ 0.05) were only obtained at 6 WATin nymphs where the greatest efficacy was obtained in trees treated with KNO3 sprays (41%) rather than in trees treated with foliar calcium applications (24%). On the other hand, no differences were observed on the efficacy percentage in ACP oviposition among treatments. It has been widely documented that the application of nutrients, such as calcium, potassium and silicon, can improve crop protection against arthropods (Amtmann et al., 2008; Hua et al., 2015; Reynolds et al., 2016) . The results obtained in the present study indicated that soil or foliar nutrients application (calcium, potassium and silicon) had positive effects by controlling the population of ACP nymphs and eggs. In this sense, foliar KNO3 applications showed a higher efficacy (≈50%) at 4 WAT. Amtmann et al. (2008) reported that one of the beneficial effects of an adequate potassium supply is the reduced incidence of insects and mites. Additionally, Staley et al. (2011) mentioned that the type of fertilizer used could alter the plant-insect ratio, noting that the use of a potassium fertilizer reduced the infestation of Brevicoryne brassicae L. (Sternorrhyncha: Homoptera) in Brassica olearacea. The decrease in the incidence of ACP individuals caused by the use of KNO3 may be because the low K content in plants tends to increase the levels of soluble sugars, organic acids and amino acids, creating a beneficial environment for the development and feeding of insects (Amtmann et al., 2008) .
Plants develop different strategies to protect themselves against herbivory. In this context, calcium plays an important role in recognizing invasive biotic agents in the cell membrane (Marschnner, 2012) . A higher cytoplasmic Ca content has been reported in plants under stressful conditions because it can act as a secondary messenger (Nakata, 2015) . Additionally, calcium is important because it provides stability to the bio-membranes, and a low content of this macronutrient favors the transport of sugars from the cytoplasm to the cell apoplast (Marschnner, 2012) . In addition, calcium can be linked to oxalate and forms calcium oxalate crystals, which act as deterrents against arthropods (Schwachtje and Baldwin, 2008) . The above information helps to understand why foliar Ca applications caused a low number of D. citri individuals in the present study (Table 4) . Additionally, Dia de Almeida et al. (2008) observed that foliar calcium sprays also caused a decrease in populations of Thrips palmi (Thysanoptera: Thripidae) in Solanum melongena.
The use of silicon (Si) has demonstrated its potential in the mitigation of biotic stresses (Reynolds et al., 2016) . In the present study, the use of a silicate in both the soil and foliar applications also caused a decrease in the total number of ACP individuals (i.e., adults, nymphs and eggs) in Tahiti lime trees. Several authors have also reported the positive effects of Si applications in the control of Myzus persicae (Hemiptera: Aphididae) populations in zinnia (Ranger et al., 2009) , Oligonychus sacchari (Acari: Tetranychidae) in sugarcane (Nikpay and Nejadian, 2014) and Aleurocanthus woglumi (Hemiptera: Aleyrodidade) in tangerine (Vieira et al., 2016) . The silicon mechanisms involve in plant resistance to insect attacks can be due to this nutrient can enhance leaf roughness and hardness epidermis, reducing their digestibility. Additionally, Si can be deposited in a soluble form among leaf tissues, inhibiting sucking by the insect (Reynolds et al., 2009) . ACP is mainly a phloemfeeding insect (Bonani et al., 2010) , which means that when inserting its stylet, it must pass through many leaf layers (Garzo et al., 2011) . Plants treated with Ca or Si can experience a hardening of their tissues, which prevents the insects from reaching the phloem. This can also increase the energy expenditure of the insects, which consequently affects the insect's survival and population growth (Marschner, 2012) .
In summary, the results of the present study showed that foliar or soil mineral nutrients applications, such as K, Ca and Si, significantly reduced the total numbers of D. citri nymphs and eggs in Tahiti lime trees. Additionally, the use of these mineral nutrients had a similar efficacy with respect to clothianidin, indicating that they can enhance the resistance of the plant. This suggests that foliar applications of K, Ca and Si should be considered within an integrated management program for D. citri as complementary tools to chemical control and that the application of these elements can generate physiological benefits in plants.
